The magnetoresistance (MR) for the inclined thin magnetic films of nickel and iron with a thickness of 200 A was measured by rotating the film sample through an axis perpendicular to the applied magnetic field. The mixing of the P (positive) MR and N (negative) MR signals in MR was observed, and the complete mixing angle, mix of the PMR and NMR signals in the MR was found to be strongly dependent on the inclination angle of the film. This angle, mix , was also observed to depend on the growth direction of the film sample. That is, the rate of increase of mix according to the inclination angle for the iron film was faster than that for the nickel film. This difference is explained by the fact that the film surface of the iron film is an intermediate plane of magnetization, while the film surface of the nickel film is an easy plane of magnetization.
Introduction
The magnetoresistance (MR) effect in single-or multilayered magnetic thin films has been intensely studied [1] [2] [3] [4] in order to understand the anisotropic, giant, and colossal MR in these systems, and for practical applications to large-size memory devices. In particular, research in anisotropic magnetoresistance (AMR) has focused on the behavior of the relative difference between the components of resistivities whose direction of magnetization is parallel and perpendicular to the current, that is, the value of ð k À ? Þ= k , mainly because this value is the most important parameter in the application to large-size memory devices or the magnetic sensor. On the other hand, the MR peaks or shapes have attracted little attention, since these peaks or shapes are not directly related to the application purposes. However, the MR signals in the inclined [5] [6] [7] film yield detailed information about the MR according to the inclination angle which might be useful in position detection.
All MR experiments presented thus far were performed in an angle configuration such that the sample is in the same plane as that of the magnetic flux, as shown in Fig. 1(a) . However, recent MR experiments with films inclined relative to the magnetic field were performed, as shown in Fig. 1(b) , [5] [6] [7] and very interesting and unexpected results were obtained in these systems.
In AMR measurements, if the direction of the current relative to the magnetic field changes gradually, the MR peaks change from valley-type shapes to bell-jar-type ones.
5)
The shape of the MR depends on the direction of the current relative to the field. That is, if the current is parallel to the field, valley shaped MR peaks [called P (positive) MR] are observed. However, if the current is perpendicular to the field, bell-jar shaped MR peaks [called N (negative) MR] are obtained. Thus, in the AMR measurements, if the direction of the current relative to the magnetic field changes gradually, the components of the current that are parallel and perpendicular to the field change accordingly and thus, the gradual transition from PMR to NMR behavior can be observed. Experiments investigating this behavior of MR peaks have rarely been reported. 5, 8) 
Experimental Details
Thin films of nickel and iron were grown with 99.999% bulk material on the substrate of Corning 7059 Na-free glass using a thermal evaporator. The substrate of the glass was cleaned by boiling in distilled water for 30 min and then using standard wafer cleaning processes. The evaporator was pumped by a turbo pump system down to 10 À10 Torr and maintained at 10 À8 Torr during the evaporation. The thickness of the film was measured with a quartz oscillator and controlled automatically using a thickness controller via a computer. All of the evaporation processes mentioned above were performed in a clean room. Therefore, we assume that there was no chance for contamination of the sample film. During the evaporation, we maintained the growth rate at approximately 0.1 A/s for both sample films. The nickel film showed a principal peak of [111] direction in X-ray diffractionn (XRD) patterns which reflected the direction of growth of the film. This growth direction is also equal to the easy axis of the magnetization of nickel. However, the XRD pattern of iron film showed the principal peak of the [110] direction which is the intermediate axis of the magnetization of iron. The XRD patterns of these films are shown in Fig. 2 . conventional AMR and (b) this work. In the angle configuration of (a), the magnetic flux is always located on the same plane as the film surface. However, in the angle configuration of (b), the film is inclined and thus the components of magnetic field projected on the film surface become complicated. The scanning electron microscopy (SEM) images for the iron and nickel films are shown in Fig. 3 . We can observe that the nearly uniform grains are well distributed throughout the sample. In these images, we can also see that the grain size in the iron film is much larger than that in the nickel film. The field difference between two MR peaks (FDMP) increased according to the increase of grain size in the nickel films. 5) However, even though the grain size in the iron film is much larger than that in the nickel film, the FDMP for the iron film is much less than that for the nickel film as shown in Figs. 5 and 6. We believe that this behavior is mainly due to the difference in magnetization easy axis between these two different film systems.
The M versus H curves for the nickel and the iron films at ¼ 0 were obtained using a vibrating sample magnetometer and are shown in Fig. 4 . We can see that the coersive force of the nickel film is much larger than that of the iron film. This is as expected on the basis of the magnetoresistance data shown in Fig. 5 because the FDMP are at least proportional to this coersive force even though the two quantities are not exactly the same.
Data were obtained using the four point probe technique. The acquisition of data was performed through an IEEE interface card by means of a computer. The magnetic field was changed very slowly through an IEEE cable (typically less than 2 G in a step), using a computer program, from zero to a magnetic field value that sufficiently saturated the sample, then down below the negative saturation field, and finally back to above the positive saturation field, completing one cycle. The data for the magnetic field versus the voltage drop across the sample were recorded for several cycles. The MR loops for these cycles were found to coincide quite well. 
Results and Discussion
The MR loops corresponding to the various rotation angles, , were obtained at a certain inclination angle, . Then, the inclination angle was changed and the same experiments were performed. 5) From the MR loops, we can observe the transition from the PMR to NMR behavior, which is manifested by the change in the shape of MR peaks from valley type to bell-jar type. This change of the MR peak shape is gradually achieved according to the rotation angle, , and thus it can be explained by the mixing of the PMR and NMR signals whose mixing ratio is dependent on the angle, . If the sample is rotated as the angle changes, the contributions of the NMR and PMR signals to MR change accordingly and eventually the MR peaks show their minima at which the components of the current parallel and perpendicular to the field become the same. The behavior of the complete mixing angle (which is referred to as mix hereafter) according to the inclination angle for the iron film is different from that of the nickel film. This is because the growth direction of the iron film is an intermediate axis of magnetization, while that of the nickel film is an easy axis of magnetization.
Let us first consider the case of zero inclination angle. For the nickel film, the angle, mix , is obviously 45 since the easy axis of the nickel film is on the plane of the film surface and thus the PMR and NMR parts contribute equally to the MR peaks at the rotation angle of 45 . However, this is not true for the iron film where the film surface is the intermediate axis of magnetization, not an easy axis. In fact, the angle, mix , for the iron film was observed to be 34 . A quantitative explanation for this cannot be given since it is difficult to obtain the relative contributions of the easy and intermediate directions of magnetization to the magnetoresistance. The changes of MR peaks for the nickel and iron films at ¼ 0 are shown in Fig. 5 . The MR loops for the nickel film at ¼ 45
and ¼ 85
are shown in Fig. 6 . The corresponding MR loops for the iron film are also shown in Fig. 7 . The value of mix is experimentally determined as follows: the components of PMR and NMR, which are represented by the heights of the peaks corresponding to each component, are obtained from the MR loops. These are plotted as a function of the rotation angle, . Then, the angle mix is identified as the angle at which the magnitudes of the two components coincide. One example of this procedure is shown in Fig. 8 , which is the case of ¼ 45 for the nickel film. The value of mix , obtained by the method shown in Fig. 8 , is plotted as a function of the inclination angle, , which is shown in Fig. 9 . For the nickel film in which the film surface is an easy axis of magnetization, the angle of complete mixing, mix , is obtained by decomposing the current into those parallel and perpendicular to the field on the plane of the film surface, and then by identifying mix as an angle where these two components of the magnetic field become equal. This angle is easily obtained as:
In Fig. 9 , the theoretical relation of eq. (1) is also plotted as a solid line. We can see that eq. 1 fits to the data of mix for the nickel film very well. The angle mix of the iron film is generally lower than that of the nickel film. However, it can be seen that this angle increases as the angle increases until it finally becomes comaparable to that of the nickel film at the angle higher than approximately 80
. This behavior can be explained by the fact that the magnetic component along the film surface becomes smaller as the angle increases and thus, the difference between the contributions of the easy and intermediate axes of magnetization to the magnetoresistance becomes smaller at these high angles of .
In summary, we observed the inclination angle dependence of MR signals in thin magnetic films. The mixing of NMR and PMR signals in the MR was observed. We could see the evidence that this mixing is strongly dependent on the growth direction of films. This mixing mechanism will be used in position detection, particularly in angle determination, in the near future. This is an example for the nickel film at the inclination angle of 45 . The PMR and NMR components are seen to coincide at the angle of around 62
, which is identified as mix . Fig. 9 . Angle of mix plotted as a function of the inclination angle. The theoretical relation of eq. (1) is plotted here as a bold solid line on the data of nickel film. The value of mix for the iron film is lower than that of the nickel film. See text for details.
